The cytotoxic T lymphocyte antigen-4 (CTLA-4)-blocking antibody ipilimumab results in durable responses in metastatic melanoma, though therapeutic benefit has been limited to a fraction of patients. This calls for identification of resistance mechanisms and development of combinatorial strategies. Here, we examine the inhibitory role of indoleamine 2,3-dioxygenase (IDO) on the antitumor efficacy of CTLA-4 blockade. In IDO knockout mice treated with anti-CTLA-4 antibody, we demonstrate a striking delay in B16 melanoma tumor growth and increased overall survival when compared with wild-type mice. This was also observed with antibodies targeting PD-1-PD-L1 and GITR. To highlight the therapeutic relevance of these findings, we show that CTLA-4 blockade strongly synergizes with IDO inhibitors to mediate rejection of both IDO-expressing and nonexpressing poorly immunogenic tumors, emphasizing the importance of the inhibitory role of both tumor-and host-derived IDO. This effect was T cell dependent, leading to enhanced infiltration of tumor-specific effector T cells and a marked increase in the effector-to-regulatory T cell ratios in the tumors. Overall, these data demonstrate the immunosuppressive role of IDO in the context of immunotherapies targeting immune checkpoints and provide a strong incentive to clinically explore combination therapies using IDO inhibitors irrespective of IDO expression by the tumor cells.
Cytotoxic T lymphocyte antigen-4 (CTLA-4) is a potent negative regulator of T cell responses. It is expressed on activated T cells and a subset of regulatory T cells (T reg cells; Chambers et al., 2001) . CTLA-4 engagement by its ligands, B7-1 and B7-2, decreases IL-2 transcription, T cell proliferation, and T cell-APC contact times Schneider et al., 2006) . The presumptive effect is suboptimal triggering of co-stimulatory signaling. Blocking CTLA-4 function with monoclonal antibodies can augment antitumor T cell responses and induce long-term regression of melanoma in mice (Leach et al., 1996; van Elsas et al., 1999) and humans (Phan et al., 2003; Sanderson et al., 2005; Hodi et al., 2010; Robert et al., 2011) . The CTLA-4 blocking antibody ipilimumab has been approved by the U.S. Food and Drug Administration for treatment of advanced melanoma; however, CTLA-4 blockade is only effective in a subset of patients and the impact on survival remains limited, calling for identification of resistance mechanisms.
Data from clinical studies demonstrated significant infiltrates of effector T cells in tumors responding to anti-CTLA-4, but not in nonresponding tumors (Hodi et al., 2003; Ribas immune checkpoints such as CTLA-4, PD-1/PD-L1, and GITR synergize to control tumor outgrowth and enhance overall survival in different tumor models. We further show that the combination therapy is synergistic irrespective of detectable IDO expression in tumor cells, though therapeutic efficacy was reduced against the B16 melanoma engineered to overexpress IDO, supporting previous findings of the inhibitory role of tumor-derived IDO. To our knowledge, this is the first study to demonstrate the inhibitory role of IDO in antitumor therapies targeting immune checkpoints. We believe that these data highlight an important mechanism of immunotherapy resistance and provide important implications for development of combinatorial approaches in the clinical setting. et al., 2009). One proposed explanation for this finding suggested that accumulation of tumor-infiltrating T cells may be impeded by an immunosuppressive microenvironment, resulting in resistance to therapy.
The cytosolic enzyme indoleamine 2,3-dioxygenase (IDO) has been proposed as a potential contributor to melanomaderived immunosuppression. IDO is produced mainly by the tumor cells and the host immune cells such as macrophages and DCs that reside in the draining lymph nodes or are recruited by the tumor (Uyttenhove et al., 2003; . It catalyzes the rate-limiting step in tryptophan degradation and the combination of local reduction in tryptophan levels and production of bioactive tryptophan metabolites (kynurenine) appear to exert suppressive activity on T cells (Munn et al., 1998 (Munn et al., , 2005 Fallarino et al., 2002; Frumento et al., 2002; Terness et al., 2002) . In vitro studies have shown that IDO can mediate suppressive effects directly on effector T cells and activate suppressive populations of T reg cells Mellor, 2004, 2007) .
IDO is commonly found in primary melanoma and draining lymph nodes Polak et al., 2007; Brody et al., 2009) , and its presence has been shown to correlate with tumor progression and invasiveness Lee et al., 2005; Harlin et al., 2006; Polak et al., 2007; Weinlich et al., 2007) . Pharmacological inhibition of IDO with 1-methyl-tryptophan (1MT) has been shown to result in T cell-dependent antitumor responses in murine models (Friberg et al., 2002; Muller et al., 2005a; Uyttenhove et al., 2003) . However, although treatment with 1MT was observed to retard tumor outgrowth, it was unable to trigger complete tumor regression as a single intervention (Muller et al., 2005b; Hou et al., 2007; Gu et al., 2010) .
It is unclear whether IDO expression by tumor cells can be used as a predictive marker for response to therapy with IDO inhibitors or whether such therapy can also benefit patients who have no detectable IDO expression in the tumor cells. In addition to being constitutively expressed by many malignant cells (Muller et al., 2005a) , IDO can be induced in tumor cells and APCs by proinflammatory stimuli such as IFN-, which is generated by the host immune response against the tumor (Taylor and Feng, 1991; Belladonna et al., 2009) . IDO induction as a result of anticancer immunotherapy may thus counteract the effectiveness of an otherwise beneficial treatment. Combining immunotherapies with IDO blockade may therefore prove advantageous.
To this end, in this study we explored the inhibitory role of IDO in the context of therapies targeting immune checkpoints and set out to determine whether inhibition of IDO expressed by either tumor cells, host cells, or both would be important for successful immunotherapy. Our data suggest that host-derived IDO suppresses infiltration and accumulation of tumor-reactive T cells in B16 tumors in the context of anti-CTLA-4 immunotherapy, and attenuates the antitumor efficacy. Along these lines, we demonstrate that inhibition/ absence of IDO in combination with therapies targeting The numbers of mice/group rejecting tumors were: WT/untreated (0/10 mice), WT/anti-CTLA-4 (2/10), IDO / /untreated (0/8), and IDO / /anti-CTLA-4 (6/10). (C) Mean tumor size. Two-way ANOVA was used to evaluate statistical significance (p-value toward significance, P = 0.06). Data represent cumulative results from two independent experiments with four to five mice/group. node-homing marker CD62L in response to anti-CTLA-4 (not depicted). Collectively, these observations suggest that IDO expressed by host cells suppresses infiltration and accumulation of tumor-reactive T cells in the context of anti-CTLA-4 therapy and increases intratumoral frequencies of T reg cells.
IDO deficiency synergizes with immunotherapeutic approaches targeting PD-1-PD-L1 and GITR
To evaluate the inhibitory role of IDO on other T cell immunotherapies, we tested the antitumor activity of blocking anti-PD-1/PD-L1 and agonistic anti-GITR antibodies in IDOdeficient hosts. Anti-PD-1/PD-L1 treatment delayed tumor progression in B16F10-bearing WT mice, but resulted in only modest improvement in survival (Fig. 3 A) . However, anti-PD-1/PD-L1 treatment in IDO / mice resulted in significantly reduced tumor growth and improved survival (Fig. 3 A) . Survival was also increased in IDO / hosts compared with WT hosts after treatment with agonistic anti-GITR antibody (Fig. 3 B ). These findings demonstrate that the inhibitory effects of IDO are not restricted to anti-CTLA-4 therapy, but are also relevant within the context of other immunotherapies targeting immune checkpoints.
Pharmacological inhibition of IDO cooperates with CTLA-4 blockade to promote rejection of B16 melanoma cells
To explore these findings in a clinically relevant model, we examined the antitumor effects of combining anti-CTLA-4 treatment with pharmacological inhibition of IDO with 1MT, which is currently in clinical trials. C57BL/6 mice were challenged with B16F10 tumor cells and treated with anti-CTLA-4 antibody and/or 1MT, as described in the Materials and methods (Fig. 4 A) . Mice receiving 1MT treatment alone did not demonstrate any survival advantage over untreated control mice (Fig. 4 B) . Conversely, 20% of mice that received anti-CTLA-4 monotherapy survived to 60 d (Fig. 4 B) . In comparison, combination therapy resulted in a marked delay in tumor growth (Fig. 4, C and D) and, most significantly, resulted in almost 55% long-term survival, with both l-and d-1MT isoforms (Figs. 4 B) . Furthermore, surviving mice from the combination therapy-treated groups were immune to a rechallenge with two times the initial dose of live tumor cells, suggesting the presence of a potent B16-specific memory response. Thus, the combination of 1MT and anti-CTLA-4 antibody appears to be efficacious in inhibiting tumor growth and prolonging survival in the B16F10 melanoma model. Importantly, combined treatments with anti-CTLA-4 and 1MT at the dose and schedule tested were well tolerated by mice, with no weight loss or other clinical signs of acute or delayed toxicity observed. Histopathology was conducted on major organs such as colon, liver, kidney, lungs, and intestines, and no evidence of toxicity or autoimmunity was observed (unpublished data). To determine if the antitumor effects of combination treatment could be extended to less immunogenic tumors, mice were challenged with poorly immunogenic B16BL6 melanoma cells and treated with anti-CTLA-4 and/or 1MT. No curative effect was observed with anti-CTLA-4/1MT alone;
RESULTS

Antitumor effect of anti-CTLA-4 is significantly increased in IDO-deficient hosts
To address the inhibitory role of the host-derived IDO in the context of anti-CTLA-4 therapy, we first tested the antitumor efficacy of CTLA-4 blockade in tumor-bearing IDO knockout (IDO / ) mice. For this purpose, we used the immunosuppressive B16 melanoma cell line. IDO expression is not detectable in B16 cells, but B16 is known to be a potent inducer of IDO in other cells . IDO / and corresponding age-matched WT C57BL/6 mice were challenged with B16F10 cells and treated with anti-CTLA-4 as described in the Materials and methods. In the untreated groups, IDO / mice did not demonstrate any survival advantage or delay in tumor progression over WT mice (Fig. 1,  A and B) . Thus, IDO / mice were not inherently protected from B16 tumors. However, IDO / mice that received anti-CTLA-4 treatment displayed significantly increased survival relative to similarly anti-CTLA-4-treated WT mice ( Fig. 1 A) , suggesting that IDO expressed by host cells suppresses the antitumor effect of anti-CTLA-4 therapy in the B16 model. In addition, there was a trend towards a decrease in tumor growth, but this was not significant (Fig. 1, B and C).
IDO deficiency enhances the accumulation of tumor-infiltrating CD4 + and CD8 + effector T cells after anti-CTLA-4 therapy
To compare anti-CTLA-4-induced antitumor immune responses in IDO / and WT mice, we isolated the tumors and assayed them for T cell infiltration by flow cytometry. Tumors were harvested 15 d after implantation. Although anti-CTLA-4 antibody therapy resulted in tumor growth inhibition in both WT and IDO / mice, the tumor weights were significantly lower in the IDO / mice (Fig. 2 A) , which also corresponded to an increase in absolute number of CD45 + cells (Fig. 2 B) . In addition, the absolute number of CD4 + T cells was increased by approximately threefold in IDO / mice compared with WT mice, and, even more strikingly, the absolute number of CD8 + T cells/gram tumor was increased by almost fivefold ( Fig. 2 B) ; however, these differences did not reach statistical significance. The tumor-infiltrating lymphocyte (TIL) fraction composed of CD4 + Foxp3 + T reg cells, in contrast, was significantly decreased in the IDO / mice ( Fig. 2 C) . As a result, intratumoral ratios of T effector cells to T reg cells were markedly enhanced in IDO / mice compared with WT mice after anti-CTLA-4 therapy (Fig. 2 D) . Anti-CTLA-4 treatment also resulted in high CD8 + and CD4 + effector T cell proliferation and activation within the tumors of IDO / mice, as measured by expression of the cell cycle associated protein Ki67, as well as the activation markers, PD-1 and ICOS (Fig. 2 E) , as previously reported in WT mice (Curran et al., 2011) . In contrast to effector T cells, there was no significant increase in proliferation or up-regulation of PD-1 or ICOS by the tumor-infiltrating T reg cells with anti-CTLA-4 therapy (Fig. 2 E) . Furthermore, we observed up-regulation of CD44 and down-regulation of the lymph To determine if infiltrating T cells were functional, we analyzed their intracellular expression of Granzyme B (GrB) and IFN-. The cytolytic capacity of the cells as determined by GrB expression was increased (Fig. 5 G) , and the cells were capable of producing higher amounts of IFN- in response to in vitro stimulation with PMA/ionomycin (Fig. 5 H) . These data indicate that anti-CTLA-4/1MT combination therapy augments the number effector CD8 + T cells at the tumor site, likely resulting in a qualitatively more effective cytotoxic T cell response. To determine whether the immune response was tumor-specific, TILs from five mice in each group were pooled and stimulated with syngeneic DCs loaded with B16F10 lysate, and specific IFN- production was determined by intracellular cytokine staining. As shown in Fig. 5 I, in vitro stimulation with B16F10 tumor antigen-loaded DCs resulted in up-regulation of IFN- expression by the tumor-infiltrating CD8 + T cells. These results indicate that anti-CTLA-4/1MT therapy resulted in an increase in CD8 + T cells specific for an antigen (or antigens) expressed by B16F10. Hence, successful rejection of B16F10 coincides with generation of tumor-specific T cell reactivity.
CD8 + T cells and IFN- are required for anti-CTLA-4/1MT-induced tumor rejection
To identify specific cell types important for the significant antitumor effect observed with anti-CTLA-4/1MT treatment, mice were treated with depleting antibodies to CD8 and however, when administered with a cellular vaccine (GM-CSFproducing irradiated B16BL6 whole-cell vaccine [Gvax] ), anti-CTLA-4/1MT combination therapy promoted rejection in 45% of B16BL6-challenged mice versus <10% and 0% for anti-CTLA-4/Gvax or 1MT/Gvax alone (Fig. 4, E and F) . The antitumor effects of 1MT were independent of delivery route, as we observed comparable antitumor effects of 1MT when it was administered orally (Fig. 4 E) or as a subcutaneous time-release pellet (Fig. 4 F) .
Anti-CTLA-4/1MT antitumor therapy markedly increases T eff/T reg cell ratios at the tumor site
To address the cellular mechanisms mediating tumor rejection in the anti-CTLA-4/1MT system, we studied the effector T cell and T reg cell compartments within the B16F10 tumors by flow cytometry. Tumors were isolated and assayed 15 d after implantation. As shown in Fig. 5 A, the average tumor weight on day 15 was notably reduced in anti-CTLA-4/1MT-treated mice compared with anti-CTLA-4-treated and untreated mice (Fig. 5 A) . The absolute number of tumor infiltrating CD45 + cells/g tumor was significantly increased in mice treated with anti-CTLA-4/1MT as compared with anti-CTLA4-treated or untreated mice (not depicted). More importantly, there was a significant increase in the percentage of CD8 + T cells recruited to the tumor site, indicating that B16F10-reactive CD8 + T cells were trafficking to the tumor (Fig. 5 B) . Furthermore, we observed a significant decrease in the percentage of tumor infiltrating CD4 + Foxp3 + T reg cells in anti-CTLA-4/1MT-treated mice (Fig. 5 B) , whereas the percentage of CD4 + Foxp3  T cells (Fig. 5 B) , CD19 + B cells, CD3 + NK1.1 + NKT cells, CD3  NK1.1 + NK cells, CD11b + cells, and CD11c + DCs remained unchanged (Fig. 5 C) . Finally, we observed a slight decrease in the percentage of CD11b + Gr-1 + myeloid-derived suppressor cells (MDSCs) in the anti-CTLA-4/1MT treated mice (Fig. 5 D) . The increase in CD8 + T cell infiltration was also reflected in the dramatic increase in CD8 + T cell to T reg cell ratio in the tumor (Fig. 5 E) , which correlated with tumor rejection (Fig. 4, B-D) . Ratios of CD4 + Foxp3  T cells to T reg cells in tumors were also significantly elevated with anti-CTLA-4/1MT therapy compared with anti-CTLA-4 alone (Fig. 5 E) . Collectively, these observations suggest that inhibition or knockout of IDO in the context of anti-CTLA-4 therapy increases infiltration of effector T cells while attenuating accumulation of T reg cells.
CD8 + T cells infiltrating tumors after anti-CTLA-4/1MT therapy express activation markers and respond to tumor antigens
The increase in the relative percentage of CD8 + T cells corresponded to their absolute increase per gram of tumor (Fig. 5 F) .
CD4 + Foxp3  to CD4 + Foxp3 + cells and CD8 + to CD4 + Foxp3 + cells. (E) Percentage and representative dot plots of CD8 + , CD4 + Foxp3  and CD4 + Foxp3 + T cells expressing Ki67, PD-1 and ICOS, for untreated and treated IDO / mice. Two-way ANOVA (A-B and D) and Student's t test (C and E) were used to evaluate statistical significance (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; NS, P < 0.1). Data shown are representative of two independent experiments with five independently analyzed mice/group. the antitumor immune responses, the contribution of the IDO expressed by the tumor cells is less clear. To this end, we examined the effectiveness of CTLA-4 blockade against B16F10 tumor cells transduced with IDO-GFP fusion construct. IDO expression by the transduced tumor cells was verified by flow cytometry (Fig. 7 A) and Western blot (not depicted). The in vitro growth rate of IDO/GFP-B16F10 and GFP-B16F10 cells was identical (Fig. 7 B) , and both cell lines produced progressive tumors in naive mice (Fig. 7 C) . As expected, ~50% of the mice injected with GFP-B16F10 completely rejected the tumor challenge when treated with anti-CTLA-4/1MT (Fig. 7 D) . Anti-CTLA-4 therapy alone prolonged survival of mice with GFP-B16F10 tumors mice to some extent, but had no effect on the outgrowth of IDO-expressing B16F10 tumors (Fig. 7 D) . The majority of the mice with IDO-expressing B16F10 tumors treated with anti-CTLA-4/1MT also developed progressive tumors and died; however, survival was significantly increased compared with anti-CTLA-4-treated and untreated mice (Fig. 7 D) . Importantly, the progression of IDO-expressing tumors and their resistance to anti-CTLA-4 was not related to higher intrinsic tumorigenicity, because irradiated naive mice CD4 T cells, NK cells, and IFN- before injection of tumor cells and during the course of therapy. Adequate depletion of cell subsets was confirmed by flow cytometry of peripheral blood (Fig. 6 B) . As expected, mice with no depletion of immune cells responded to treatment with anti-CTLA4/1MT (Fig. 6 A) . Depletion of CD8 + T cells or IFN-, however, completely abrogated the effect of the treatment. At day 14, the estimated average tumor size for mice depleted of CD8 + T cells (0.478 CM 3 ) or IFN- (0.518 CM 3 ) was significantly higher than the average tumor size for mice with no depletion of immune cells (0.060 CM 3 ). The antitumor effect of anti-CTLA-4/1MT was decreased, but not absent in mice depleted of CD4 + T cells or NK cells (Fig. 6 A) . These data show that the tumor-eradicating effect of anti-CTLA-4/1MT is dependent on CD8 + T cells and IFN-, and partially CD4 + T cell-and NK cell-dependent. . Kaplan-Meier survival curves for C57BL/6 mice challenged with B16BL6 and treated with anti-CTLA-4, Gvax, and/or 1MT. 1MT was administered in the drinking water (E) or as timerelease subcutaneous pellets (F). Data shown are pooled from two (C and D) or three (B, E, and F) independent experiments with five mice/group. Statistical significance was evaluated by Log-Rank Test(B, E, and F; *, P < 0.05; **, P < 0.01; ***, P < 0.001) and two-way ANOVA (C; *, P < 0.05; **, P < 0.01).
tumor aggressiveness and decreases the tumor response to CTLA-4 blocking therapy, though this inhibition could be partially overcome with combination CTLA-4/1MT therapy.
injected with IDO/GFP-B16F10 or GFP-B16F10 all developed tumors quickly and with identical kinetics (Fig. 7 C) . These data indicate that IDO expression by the tumor cells increases the 
Anti-CTLA4/1MT therapy induces regression of established IDO-expressing 4T1 breast tumors
We next sought to determine whether CTLA-4 blockade combined with 1MT would be effective in nonmelanoma tumor models naturally expressing high levels of IDO. Analysis of several murine cancer cell lines revealed high levels of IDO expression in the 4T1 breast cancer cell line when cocultured with recombinant IFN- (unpublished data). BALB/ c mice were challenged with 4T1 tumor cells and treated as described in the Materials and methods. Anti-CTLA-4 and d-1MT as single agents induced only a transient delay in tumor growth of preimplanted 4T1 breast tumors and had no significant effect on survival (Fig. 8, A and B) . However, anti-CTLA-4/D-1MT combination therapy resulted in sustained growth delay and prolonged survival (Fig. 8, A and B) . Similar synergistic effects were observed with anti-CTLA-4 plus the L isomer of 1MT (unpublished data). Overall, these data thus indicate that combination of IDO inhibition with IDO expression has been demonstrated in tumor cells and APCs in a range of human and murine cancers (Uyttenhove et al., 2003; Okamoto et al., 2005) . IDO-expressing APCs include human monocyte-derived macrophages and DCs (Munn et al., 1999 Hwu et al., 2000; Orabona et al., 2006) , and a small population of murine plasmacytoid DCs (CD11c + B220 + CD19 + ; Johnson et al., 2010) . It is, however, unclear whether inhibition of IDO as a therapeutic strategy is applicable only to IDO-expressing tumors, or whether inhibition of IDO expressed by the host cells is equally important. Using IDO-deficient mice, we were able to demonstrate that the host-derived cells and not the tumor cell line were primarily responsible for the suppressive IDO activity in our B16 model. Consistent with this finding, we did not detect IDO expression in tumor cells of established B16F10 tumors by Western blotting or RT-PCR (unpublished data). We found that IDO deficiency in the host resulted in reduced tumor burden and improved survival in the context of anti-CTLA-4 treatment. Similar to the mice treated with IDO inhibitors, this effect was accompanied by enhanced accumulation of functional effector T cells at the tumor site and a reduction in frequencies of T reg cells.
In face of these findings, expression of IDO by tumor cells has been associated with faster tumor outgrowth (Uyttenhove et al., 2003; Yu et al., 2008) , and it has been demonstrated that expression of IDO by immunogenic tumor cell lines protects them from immune-mediated rejection, even in the face of an otherwise protective T cell immunity (Uyttenhove et al., 2003) . To determine whether the combination therapy would in addition be applicable to IDO-expressing tumors and to nonmelanoma cancers, we examined if treatment with anti-CTLA-4/1MT was sufficient to foster rejection of experimental tumors, which either naturally express high levels of IDO (4T1), or are engineered to overexpress IDO (IDO/ GFP-B16F10). In both cases, the anti-CTLA-4/1MT combination therapy was significantly more effective than anti-CTLA-4 monotherapy and resulted in slower tumor growth and improved survival. Overall, these findings indicate that IDO inhibition also enhances the effectiveness of anti-CTLA-4 in the setting of IDO-expressing tumors, indicating that IDO enzymatic activity is important for the immunosuppressive effect independent of the cell types expressing the enzyme. These findings thus establish a strong rationale for the anti-CTLA-4/1MT combination therapy for all tumors, regardless of levels of IDO expression in tumor cells.
CTLA-4 blockade is an effective therapeutic strategy that is active against both IDO-expressing and nonexpressing tumors. Finally, these data show that anti-CTLA4/1MT synergism is not restricted to melanoma and can be applicable to other tumor types.
DISCUSSION
Numerous studies have shown that anti-CTLA4 monotherapy fails to induce rejection of poorly immunogenic tumors, such as B16 melanoma (Hurwitz et al., 1998; van Elsas et al., 1999) . Our findings show that IDO strongly contributes to this resistance and could be targeted by systemic inhibition with a clinically relevant drug (1MT) currently in Phase I clinical trials. We show that administration of anti-CTLA-4 antibody combined with the IDO inhibitor 1MT resulted in rejection of established tumors and resistance to secondary challenge in mice inoculated with B16 melanoma. Tumor rejection by the anti-CTLA-4/1MT combination therapy was associated with enhanced infiltration of functional CD8 + and CD4 + T cells in the tumor. We found that tumor rejection was indeed dependent on the presence of the CD8 + T cells and IFN-, and partially dependent on CD4 + T cells and NK cells.
The presence of IDO has been correlated with increased tumor-infiltrating T reg cells (Curti et al., 2007; Park et al., 2008; Witkiewicz et al., 2008; Yu et al., 2008; Mansfield et al., 2009) , and it has been demonstrated that IDO-expressing APCs can recruit and activate existing T reg cells or create new T reg cells to potently suppress antitumor T cell responses Sharma et al., 2007; Chen et al., 2008; Sharma et al., 2009) . Along these lines, we found that the CD4 + Foxp3 + T reg cell fraction of TILs was significantly reduced as a result of anti-CTLA-4/1MT combination therapy, which directly correlated with tumor rejection. Importantly, the intratumor ratio of effector T cells to T reg cells was also increased, a finding that was previously shown to be a marker of a favorable immunological response to immunotherapy in murine tumor models (Quezada et al., 2006; Curran et al., 2010) and has been associated with improved survival (Bui et al., 2006; Sato et al., 2005) and increased tumor necrosis (Hodi et al., 2008) in clinical studies. Our data thus suggest that IDO suppresses antitumor responses in the context of anti-CTLA-4 therapy by suppressing tumor-infiltrating effector T cells, while favoring accumulation of T reg cells. Whether suppression occurs primarily via local depletion of tryptophan or also involves direct inhibition by toxic tryptophan metabolites remains to be investigated. Data shown are pooled from two independent experiments with five mice/group and analyzed by twoway ANOVA (A) and Log-Rank test (B; *, P < 0.05; **, P < 0.01).
evidence for such compensatory mechanism is lacking in the literature. Further studies with selective inhibitors of IDO2 and TDO are needed to demonstrate whether there is additional benefit to blocking these potential escape pathways as well.
Along similar lines, potential off-target effects are a consideration for l-1MT and d-1MT. Previous studies using RNAi-knockdown techniques have concluded that the major target of the DL-mixture of 1MT was IDO, rather than another target . Moreover, other studies have demonstrated that d-1MT was not effective in IDO / mice . Similarly, to rule out the contribution of off-target effects of IDO inhibition, we treated IDO-deficient mice with anti-CTLA-4 and the two different 1MT isomers and saw no additional beneficial effect from the addition of the drugs (unpublished data). Furthermore, though the possibility of both isomers affecting the same off-target pathway cannot be fully excluded, the likelihood of this is low. Thus, in our system, it appears that the potential off-target effects of d-and l-1MT do not provide significant contribution to the observed antitumor effect.
The anti-CTLA-4/1MT regimen was not associated with noticeable toxicity in our models. There were no observed clinical or histological signs of treatment-related toxicity or autoimmunity in anti-CTLA-4/1MT-treated mice as compared with control mice throughout the observation period. With these observations, there are obvious limitations of mouse models for predicting toxicities for patients, especially when evaluating immunotherapeutic agents. The development of the immune system is dependent on a complex interaction between the genetic and environmental factors, and discrepancies in such factors between mice and humans may contribute to differences in immunity and responses to immunotherapy (Haley, 2003; Mestas and Hughes, 2004) . For example, although no apparent toxicity was observed in mice treated with CTLA-4 blockade, a significant percentage of patients treated with ipilimumab developed immune adverse effects such as colitis and hypophysitis (Wolchok and Saenger, 2008) . It should be noted, however, that these events were more common in patients with the best tumor response to treatment (Attia et al., 2005; Downey et al., 2007) . Interestingly, although d-1MT therapy was in general well tolerated by patients who received no prior immunotherapy, three patients who had received prior ipilimumab developed hypophysitis while receiving d-1MT on clinical trial (Johnson and Munn, 2012) . Treatment of patients with combination therapies will thus require careful attention to potential immune toxicities, which cannot be predicted by animal models alone.
In conclusion, the data presented here suggest that combination of CTLA-4 blockade and systemic inhibition of IDO can result in more effective therapeutic antitumor immunity than when these interventions are applied separately. Moreover, we suggest that inhibition of IDO may augment the effectiveness of T cell immunotherapies in general. Our
To examine the efficacy of IDO inhibition within the context of other immunotherapeutic approaches, we used the poorly immunogenic B16BL6 melanoma model, which can only respond to anti-CTLA-4 therapy when combined with cellular GM-CSF-expressing vaccine (Gvax; van Elsas et al., 1999) . We found that in the context of 1MT, anti-CTLA-4/ Gvax led to rejection of high burdens of B16BL6 melanoma, suggesting that anti-CTLA-4 and 1MT also synergize in the context of other treatments.
It has been proposed that ligation of B7 by CTLA-4 induces IDO activity in certain APCs Baban et al., 2011; Mellor et al., 2004; Sharma et al., 2007) . However, data from clinical studies using CTLA-4 blockade to treat melanoma show a positive correlation between IDO expression in pretreatment biopsies and clinical efficacy (Hamid et al., 2011; Ji et al., 2012) , and demonstrate no decrease in IDO expression after treatment (Ribas et al., 2009) , suggesting that IDO expression may be dependent on other factors. As IDO expression is induced by proinflammatory stimuli such as IFN-, it is possible that IDO activity is enhanced in patients with an ongoing, albeit suboptimal, antitumor immune response and that these patients could be more likely to respond favorably to immunotherapies such as CTLA-4 blockade. To this end, we show that IDO expression compromises the activity of anti-CTLA-4 therapy and other types of immunotherapies, such as anti-PD-1/PD-L1 and anti-GITR antibodies. These data suggest that IDO activity, in our model, may not be solely regulated by the CTLA-4 pathway, but instead is likely up-regulated by an active immune microenvironment primed by anti-CTLA-4 or other T cell immunotherapies. This is supported by a preclinical study reporting that imatinib, which potentiates antitumor T cell responses in gastrointestinal stromal tumors through the inhibition of IDO, is also synergistic with CTLA-4 blockade (Balachandran et al., 2011) .
Both d-1MT and l-1MT have been described in multiple mouse and human studies for inhibition of IDO activity and they appear to possess distinct biological properties (Johnson and Munn, 2012) . The literature indicates that, in vitro, the d-1MT is less effective than l-1MT against purified, cell-free recombinant IDO Qian et al., 2012) . However, in vivo (i.e., in mice with tumors), the d-1MT showed equivalent or even superior antitumor potency (Gu et al., 2010; Hou et al., 2007) . This is perhaps due to the long halflife of the d-isomer, and/or its stronger activating effect on the mTOR pathway (Metz et al., 2012) . In our system, the d and l isomers were equivalent, and both demonstrated therapeutic efficacy that approached the effect seen in mice with genetic knockdown of IDO1. Thus, our models strongly implicate an inhibitory role for IDO1. The potential immunosuppressive roles of IDO2 and Tryptophan 2,3-dioxygenase (TDO) in our system is, however, more elusive. Because 1MT is not a strong inhibitor of IDO2 (Yuasa et al., 2010; Qian et al., 2012) and does not inhibit TDO (Suzuki et al., 2001) , it is possible that these enzymes exert additional immunosuppression that could compensate for IDO1 inhibition, although the was verified by staining peripheral blood leukocytes for specific subsets after depletion.
Administration of 1MT.
Administration of 1MT by implantable subcutaneous pellets was performed according to manufactures instructions and as described (Muller et al., 2005a; Munn et al., 1998) . l-1MT (280 mg, 140 mg/pellet) and d-1MT (70 mg, 70 mg/pellet) were formulated in 14-d release pellets (Innovative Research of America). Control groups received placebo pellets without the active product (Innovative Research of America). Pellets were implanted under the dorsal skin on day 7 after tumor challenge. For administration of 1MT in drinking water, 1MT (Sigma-Aldrich) was prepared at 4 mg/ml (pH 9-10) in water as previously described (Uyttenhove et al., 2003; Hou et al., 2007) . Before being delivered to the mice, the water was filter sterilized and supplemented with a small amount of aspartame to improve acceptance by the mice. Mice drank 4-5 ml/day, similar to consumption of water without drug. 1MT was administered in the drinking water for 3 wk, starting at day 7 after tumor challenge (freshly made 1MT water was given on days 7, 10, 13, 16, 19, 22, and 25) .
Isolation and analysis of TILs. Mice were injected in the flank i.d. with 1.5 × 10 5 B16F10 melanoma cells and treated as described above. 15 d after tumor challenge, mice were sacrificed, and excised tumors were digested in Liberase (Roche) and DNase (Roche). TILs were obtained from tumors after a Ficoll gradient was performed to eliminate dead cells (Sigma-Aldrich). Cells were stained using a fixation and permeabilization kit (eBioscience) and analyzed by flow cytometry (LSRII; BD) for the expression of CD45, CD3, CD4, CD8, Foxp3, CD44, CD62L, Ki67, PD-1, ICOS, GrB, CD11c, CD19, NK1.1, CD11b, and Gr-1.
T cell assays. For cytokine production, TILs were incubated for 4 h with 50 ng/ml PMA (Invitrogen) and 500 ng/ml ionomycin (Invitrogen), or overnight with DCs loaded with tumor lysate and 20 U/ml IL-2 (PeproTech) plus Brefeldin A (BD). After in vitro stimulation, TILs were stained for intracellular cytokines with a fixation and permeabilization kit (eBioscience) using antibodies to IFN-.
DC purification and loading. Mice were injected subcutaneously with 2 × 10 6 Flt3L-secreting B16BL6 cells and sacrificed on day 14. Spleens were digested with collagenase DNase mix (Roche) before positive selection of CD11c + DCs (Miltenyi Biotec). DCs were cultured overnight with recombinant GM-CSF and tumor lysate. After loading, DCs were purified by Ficoll gradient.
Statistics.
Where indicated, data were analyzed for statistical significance and reported as p-values. Data were analyzed by two-tailed Student's t test when comparing means of two independent groups and two-way ANOVA when comparing more than two groups. P < 0.05 was considered statistically significant (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). Evaluation of survival patterns in tumor-bearing mice was performed by the Kaplan-Meier method, and results were ranked according to the Mantel-Cox Log-Rank test. P < 0.05 was considered statistically significant (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). Survival was defined as mice with tumors < 0.300 cm 3 .
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MATERIALS AND METHODS
Mice. BALB/c mice (6-8 wk old), congenic IDO / mice (6-8 wk old) on C57BL/6 strain background, and corresponding WT C57BL/6 mice were purchased from The Jackson Laboratory. Mice were maintained according to National Institutes of Health Animal Care Guidelines, under protocol 04-07-019 approved by the Memorial Sloan-Kettering Cancer Center Institutional Animal Care Committee.
Cell lines. The melanoma cell lines B16F10 and B16BL6 were used for tumor challenge. GM-CSF-producing B16BL6 cells (Gvax) were used for therapy (van Elsas et al., 1999) , and Flt3L-secreting B16BL6 cells were used to increase the number of APCs recruited to the spleen before purification of DCs (Curran and Allison, 2009 ). The parental 4T1 mouse mammary carcinoma cells were used for breast cancer experiments (Pulaski and OstrandRosenberg, 2001 ). Lentiviral vectors and virus production. GFP-tagged murine IDO cDNA (OriGene Technologies) was cloned into the pMDG lentiviral vector. Recombinant virus production and infection of target cells were done as previously described (Diatta et al., 2005) .
Antibodies. Therapeutic anti-CTLA-4 (clone 9H10), anti-GITR (clone DTA-1), anti-PD-1 (clone RMP1-14), anti-PD-L1 (clone 9G2), anti-CD8 (clone 2.43), anti-CD4 (clone GK1.5), anti-IFN- (clone XMG1.2), and anti-NK1.1 (clone PK136) monoclonal antibodies were produced by BioXCell. Antibodies used for flow cytometry were purchased from eBioscience and Invitrogen.
Tumor challenge and treatment experiments. B16F10 tumors were implanted by injection of 3 × 10 4 B16F10 cells in the flank i.d. at day 0. Mice were treated with anti-CTLA-4 antibody i.p., 1MT (administration of 1MT is described below), or a combination of both. Dosing of anti-CTLA-4 antibody per injection was 200 g on day 3 plus 100 g on days 6 and 9. For treatment experiments with GFP-and IDO/GFP-transduced B16F10 cells, 10 5 cells were implanted. For the B16BL6 model, 2 × 10 4 B16BL6 cells were implanted and, in addition to treatment with anti-CTLA-4 and/or 1MT, mice were vaccinated with 10 6 irradiated (150 Gy) B16BL6 tumor cells expressing GM-CSF (Gvax) on the contralateral flank. For the 4T1 model, 5 × 10 5 4T1 cells were injected and mice were treated with 200 g anti-CTLA4 on day 6. For experiments with anti-PD-1/PD-L1 or anti-GITR antibodies, mice were challenged with 5 × 10 4 B16F10 cells. Dosing of therapeutic antibody per injection was 250 g anti-PD-1 plus 250 g anti-PD-L1 on day 3, 6, and 9, or 1 mg anti-GITR on day 7. Control groups received a corresponding dose of antibody isotype (herein referred to as no treatment or untreated). Tumor size and incidence were monitored over time by physical examination. To assess potential toxicities, mice were monitored daily for clinical signs such as respiratory distress, mobility, weight loss, diarrhea, hunched posture, and failure to eat, while histopathology was conducted on major organs (i.e., liver, kidney, intestines, lungs, and colon). For depletion of immune cells, mice were injected i.p. with 500 g of monoclonal antibodies to CD8, CD4, NK1.1, or IFN-, 1 d before and two days after tumor challenge, followed by injection of 250 g every 5 d throughout the experiment. The efficacy of cell depletion
